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ABSTRACT: Resilience is an essential requirement in mitigating the effects of natural hazards such as
hurricanes. This paper presents a framework to probabilistically quantify the damage of residential
communities subject to hurricane hazards which is an essential step in quantifying community
resilience. An engineering-based vulnerability model is developed for typical residential buildings. In
particular, damage due to the two mechanisms of net pressure and wind-borne debris impact on the
envelope components is considered. By integrating full hurricane wind field models into the framework,
damage can be estimated for any given hurricane category and storm track. A distributed simulation
platform, using Lightweight Communications and Marshalling (LCM) libraries, is proposed for
modeling the debris-induced interdependencies between the damages sustained by the buildings
defining the community.
1. INTRODUCTION
Risks and consequences of natural hazards have
been increasing over time with hurricanes one of
the costliest natural hazards, particularly in the
United States (sigma, 2017). Mitigation of the risks
of natural hazards can be achieved through the con-
cept of community resilience which is an essential
requirement for the nation’s security and welfare.
The National Academy of Science defined commu-
nity resilience as, “the ability to prepare and plan
for, absorb, recover from, and more successfully
adapt to actual or potential adverse events" (NAS,
2012). It is clear from this definition that the first
step to quantify community resilience, is to calcu-
late the direct damage and losses to the community
after the hurricane event.
This paper presents a framework to probabilis-
tically quantify physical damage to the built envi-
ronment of residential communities subject to hur-
ricane hazards. In particular, damage to the en-
velope of residential buildings is quantified using
an engineering-based vulnerability model that con-
siders damage due to two mechanisms: (1) exces-
sive direct wind pressure; and (2) impact of wind-
borne debris. Damage calculation is achieved via a
time-stepping approach which integrates a paramet-
ric hurricane wind field model. The damage state of
each component is updated at every time step of the
simulated hurricane passage.
The damage caused by the two mechanisms out-
lined above is interdependent and may lead to
a progressive damage mechanism as dicussed in
(Lin et al., 2010) due to significant variation in the
internal pressure. It is proposed here to model these
Interdependencies through a distributed simulation
platform. The basic idea is to decompose the vul-
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nerability model into four separate analysis model
denominated respectively: (1) hurricane simulator;
(2) pressure simulator; (3) debris simulator; and (4)
damage simulator. Each simulator interacts with
the simulation environment by publishing its output
and subscribing to input from other simulators. The
proposed distributed simulation platform is based
on Lightweight Communications and Marshalling
(LCM) libraries. The proposed platform is modifi-
able and extensible therefore enabling each model
of the framework to be updated/improved with min-
imal effect on the other simulators of the frame-
work.
A case study consisting in a typical Florida resi-
dential community is presented. Probabilistic dam-
age estimations are evaluated through setting the
proposed framework within a Monte Carlo simu-
lation strategy. This framework provides a tool that
enables the estimation of probabilistic community
resilience indexes for use by decision-makers in
defining effective mitigation plans and post-disaster
recovery strategies.
2. FRAMEWORK OVERVIEW AND SIMU-
LATION STRATEGY
The framework consists of three main phases: sim-
ulation input, vulnerability model, and simulation
output, as show in Figure 1. All inputs required to
define the community under consideration and the
hurricane event are defined in the simulation input
phase which are listed as following:
1. The community layout: each building’s loca-
tion and orientation.
2. The structural characteristics of each build-
ing: the probabilistic and/or deterministic re-
sistances to direct wind pressure and impact
resistance of vulnerable components.
3. Hurricane attributes that are required to de-
fine the considered hurricane event, e.g. storm
track, storm size and category.
The vulnerability model uses data provided by
the simulation input phase to quantify the damage
caused by the specified hurricane event to the com-
munity under consideration. It consists of four sim-
ulators: (1) hurricane simulator; (2) pressure simu-
lator; (3) debris simulator; and (4) damage simula-
tor. For each time step, the hurricane simulator gen-
erates a wind speed and direction at the centroid of
each building. The pressure simulator uses the wind
speed and direction to calculate dynamic wind pres-
sure for each component of the building. The dam-
age simulator compares the dynamic wind pressure
against the component’s resistance to determine if
the component is damaged or not. In case of dam-
age occurrence, i.e. breach of the building’s enve-
lope, internal pressurization (calculated by the pres-
sure simulator) is induced which may cause more
damage to the building’s components. The Pres-
sure simulator and the damage simulator continue
to iterate until balance occurs between damage and
internal pressure.
Once balance occurs between the pressure sim-
ulator and the damage simulator, damaged com-
ponents that are considered as potential sources of
wind-borne debris (e.g. roof sheathing, roof cover,
etc.) are traced by the debris simulator using a
three-dimensional debris trajectory model. If any
of the flying debris hit a vulnerable component (e.g.
a glass window, a glass door, etc.), the damage sim-
ulator compares the impact kinetic energy with the
vulnerable component’s impact resistance to deter-
mine if more damage occurs. In case of any new
damage, variation of internal pressure may lead to
more damage and the release of more wind-borne
debris. Iterations between the three simulators (hur-
ricane, damage and debris) continues until balance
occurs between damage and internal pressure.
The above outlined algorithm is repeated at ev-
ery time step of the simulated hurricane passage
through the community. After the last time step,
final damage states for each component of each
building are passed to the simulation output phase
for post-processing. By embedding the above the
framework into a Monte Carlo simulation strategy,
probabilistic estimations of the damage metrics can
be obtained for a given hurricane track and inten-
sity while considering uncertainties in gust wind
speeds, capacities of the components, and debris
trajectories.
As discussed above, the framework is defined by
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multiple simulators, as shown in Figure 1, that are
interdependent. To account for this, a distributed
computing platform, based on Lightweight Com-
munications and Marshalling (LCM) libraries is
proposed herein. Within this setting, each simula-
tor is treated as a black box that subscribes to in-
put data from other simulators and publishes output
data to be used by any subscribing simulator. Ad-
vantages of this platform are extensibility (i.e. any
future simulators can be added easily with minor ef-
fects on the other simulators) and modifiability (i.e.
future improvements in any given simulator should
be easily incorporated into the platform without ad-
versely affecting the other simulators).
3. ENGINEERING BASED VULNERABIL-
ITY MODEL
The first step to quantify resilience of a given com-
munity is to accurately estimate the amount of dam-
age and losses that occurs after the hurricane event.
For this purpose, quantification of damage caused
by both excessive direct wind pressure, and wind-
borne debris impact is considered in the proposed
framework. The following sub-sections provide
more details on the four simulators (hurricane, pres-
sure, debris and damage) that form the vulnerability
model of Figure 1.
3.1. Hurricane simulator
The main function of the hurricane simulator is to
calculate wind speeds and directions at each time
step of the simulation at the centroid of each build-
ing of the community. The hurricane wind field can
be divided into two components: the environmental
scale component, and the storm scale component
(Jakobsen and Madsen, 2004). The length scale of
the environmental scale processes is ∼ 500 km. If
the length scale of the community under considera-
tion is significantly smaller than the environmental
scale, then the environmental scale component can
be considered constant and equal to the hurricane
translational velocity. In this case the vector sum-










U is the hurricane wind velocity,
#»
U tr is the
translational velocity of the hurricane eye, and
#»
U S
is the storm scale velocity.
By ignoring the non-linear interaction between
the environmental scale and storm scale processes,
the storm scale component can be obtained using a
stationary hurricane model, for example the model
outlined in (Shapiro, 1983). Following this ap-
proach, the momentum equations are solved for a
slab boundary layer of constant depth under an im-
posed symmetric pressure distribution. In cylindri-
cal coordinates (radial, r, centered at the hurricane’s
eye and azimuthal, λ , measured counterclockwise
from the East) the radial and tangential momentum





















































+F(Utr,Ut) = 0 (3)
where Ur and Ut are the radial and tangential com-
ponents, respectively, of the storm scale velocity
(
#»
U S), f is the Coriolis parameter, ϕ is the pressure
distribution within the storm, K is the constant co-
efficient of eddy diffusion, and F is the frictional
drag force.
Jakobsen and Madsen (2004) proposed procures
for solving Eq. (2) and (3) and provided paramet-
ric models for the radial and tangential components
of the storm scale velocity. The parametric mod-
els are used in the framework outlined in this pa-
per to calculate
#»
U S. From the solution of Eqs. (2)
and (3), the mean hourly hurricane wind speed can
be estimated (Vickery and Twisdale, 1995). After
converting the wind speed to the mean 3-second
gust wind speed, spatial variation of the later can
be considered by sampling from a Type I (Gum-
bel) distribution using a coefficient of variation of
0.1 (Grayson et al., 2013). The sampled wind speed
can then be used by any subscribing simulator and
will be referred to as #»u in the following sections.
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Figure 1: Flowchart of the proposed framework.
3.2. Pressure simulator
In this simulator, the direct wind pressure is cal-
culated for each component of the building as a
function of wind speed and direction. As a hurri-
cane passes through a community, the wind speeds
and directions change continuously. This implies
that the maximum wind speed is not necessarily
coming from the critical direction which renders
the use of code-specified wind pressures inade-
quate. Indded, code-specified wind pressure rep-
resent the envelope of maximum pressures over the
building’s envelope due to all directions. For this
reason, the component and cladding wind pressure
provided in ASCE/SEI 7-16 (2017) is modified ac-
cording to the Florida Public Hurricane Loss Pro-
jection Model (FPHLPM) (Gurley et al., 2005) in
order to model the directional wind pressure that a
residential building will experience during a hurri-
cane event as follows:
qh(t) = 0.521| #»u (t)|2; | #»u (t)| in m/s (4)





where qh(t) (in N/m2) is the velocity pressure eval-
uated at mean roof height h < 4.5 m, the coefficient
of 0.8 is to exclude the factor of safety inherent in
the code equation, GCp(t) and GCpi(t) are the ex-
ternal and internal pressure coefficients with built-
in gust factor.
The calculation of GCp(t) is key for calculat-
ing wind pressure as a function of wind direction.
GCp(t) is estimated for the eight nominal directions
shown in Figure 2. Values for GCp(t) are estimated
based on information provided in the FPHLPM,
available wind tunnel data, ASCE/SEI 7-16 (2017),
and engineering judgment. Linear interpolation is
carried out for other directions.
The internal pressure coefficient GCpi(t) for an
undamaged building is taken as ±0.18, as sug-
gested in (ASCE/SEI 7-16, 2017). In case of any
breach to the building envelope (damage occur-
rence), internal pressure is updated depending on
the level of damage. A simple, but intuitive, ap-
proach is to calculate the internal pressure by taking
the weighted average of the external pressure on the
damaged components.
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Figure 2: The eight nominal wind directions.
3.3. Debris simulator
Wind-borne debris is one of the major causes of
damage to buildings subject to hurricanes. The
debris simulator traces the trajectory of relased
portions of damaged components until landing.
The approach is based on the three-dimensional
6-degree-of-freedom debris trajectory model pre-
sented in (Richards et al., 2008) and extended by
Grayson et al. (2012) to consider uncertainties in
the debris flight path.
Grayson et al. (2012) proposed that uncertainties
in the debris flight can be modeled by considering
the angle of attack and the angle of tilt of the flying
debris object as normal random variables. Valida-
tion of this methodology was carried out by show-
ing the agreement of the resulting pattern of de-
bris landing locations generated by the model and
the pattern of landing locations obtained from wind
tunnel tests (Visscher and Kopp, 2007; Kordi et al.,
2010).
Debris sources considered in this work are roof
coverings, roof sheathing, and gable-end sheath-
ing. All considered debris sources are geometri-
cally classified as plate-type. Aerodynamic force
coefficients and moment coefficients for plate-type
debris are obtained from Richards (2010). The final
outputs of the debris simulator are the debris land-
ing locations and the kinetic energy at landing.
3.4. Damage simulator
The damage simulator determines if any compo-
nent is damaged as a result of the following two
mechanisms: excessive direct wind pressure and/or
debris impact. For the first mechanism, damage is
determined by comparing the calculated dynamic
wind pressure (P(t)) with the component’s pressure
capacity (CP). For the second mechanism, damage
is determined by comparing debris kinetic energy
at impact (KE(t)) with the component’s impact ca-
pacity (CI). With respect to the second mechanism,
components that are considered venerable are glass
windows, doors, and garage doors. Debris landing
locations are used to determine whether the debris
object will hit a vulnerable component or not. The
above outlined conditions can be modeled through
the following limit state function D:
D(t) =
{
0 P(t)<CP and KE(t)<CI
1 P(t)>CP or KE(t)>CI
(6)
where 1 indicates damage occurrence and 0 indi-
cates no damage.
4. APPLICATION
To demonstrate the capabilities of the proposed dis-
tributed computing platform, the virtual community
shown in Figure 3 was subjected to a category 3
hurricane. In particular, the community consists of
21 archetype buildings of the form shown in Fig-
ure 4. Table 1 lists the probabilistic properties of
the venerable components with uncertain capaci-
ties of the archetype buildings. The resistance to
debris impact of the vulnerable components (glass
windows, doors and garage doors), in terms of ki-
netic energy, is taken as a deterministic value equal
to 68 Nm. Figure 5 shows the storm track location
with respect to the community.
Wind speed and direction for each time step are
generated by the hurricane simulator, as shown in
Figure 6. As mentioned earlier, the sampled 3-sec
gust wind speed is used as input to the pressure and
debris simulator. The 1-min open-water wind speed
is used to determine the hurricane category.
Figure 7 shows the evolution of the probability of
damage for each component of the buildings com-
posing the community. The results were generated
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Building component Mean resistance COV Distribution
Glass window 3.33 kPa 0.20 Normal
Door 2.39 kPa 0.20 Normal
Garage door 0.957 kPa 0.20 Normal
Wall sheathing 2.61 kPa 0.11 Lognormal
Roof sheathing 2.61 kPa 0.11 Lognormal
Roof cover 3.35 kPa 0.40 Normal
Table 1: Resistance to pressure of the venerable building components (Vickery et al., 2006; Gurley et al., 2005).
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Figure 3: Layout of the virtual community.
through Monte Carlo simulation using 1000 sam-
ples. Although all buildings are at a similar distance
from the storm track (i.e. similar values of r), the
probability of damage can be seen to vary over the
community. In particular, the probability of dam-
age to windows, doors and garage doors (i.e. debris
vulnerable components) varies from one building to
another due to damage caused by wind-borne debris
which depends on the location of the building with
respect to the others.
A detailed quantification of the damage to each
vulnerble component of each building is con-
sidered key for estimating community resilience.
In particular, the four properties of resilience:
(1) robustness; (2) rapidity; (3) resourcefulness;
and (4) redundancy are directly related to the
amount of damage occuring directly after the haz-
ard (Bruneau et al., 2003). In this respect, the de-
tailed quantification of damage obtained from the
proposed framework will be used as input to future
resiliency simulators.
5. CONCLUSIONS
In light of the importance of developing frame-





























Figure 4: Archetype residential building of the virtual
community (Yau, 2011).



























Figure 5: Hurricane storm track.
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Figure 6: Wind speed and direction time history at the
center of the community.
resilience to mitigate the risks and consequences
of hurricanes, this paper presented an engineering-
based vulnerability model that is capable of quan-
tifying the damage and losses to residential com-
munities subject to hurricanes. The vulnerability
model was integrated with a parametric hurricane
wind field model that was capable of generating
wind speeds and directions at each building for a
given storm track and hurricane category. Using
a time stepping approach, wind speeds and direc-
tions were used as the basis for damage calcula-
tion due to two mechanisms: excessive direct wind
pressure, and wind-borne debris impact. These two
damage mechanisms are interdependent and their
interpendency can lead to a progressive damage due
to internal pressurization. The idea of distributed
computing was presented as an attractive approach
to model these interdependencies through decom-
posing the vulnerability model into four simulators,
namely the hurricane, pressure, debris and damage
simulator. Lightweight Communications and Mar-
shalling (LCM) libraries were used as the basis on
which the proposed distributed computing platform
operated. It is believed that such platforms are es-
sential for quantifying community resilience when
high-fidelity models are used to model the response
of each element (e.g. buildings) of the community.
Outputs from the presented framework can be
used directly by functionality restoration models to
quantify community resilience metrics. This will
lead to a probabilistic measure of various commu-
nity resilience indexes to be utilized by decision
makers, government officials, developers, and de-
signers to define possible mitigation plans and post-
disaster recovery strategies.
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